Nitrate reductase activity from filamentous, heterocyst-forming cyanobacteria showed a biphasic kinetic behavior with respect to nitrate as the variable substrate. Two kinetic components were detected, the first showing a higher affinity for nitrate (K., 0.05-0.25 mM) and a lower catalytic activity and the second showing a lower affinity for nitrate (Km, 5-25 mM) and a higher (3-to 5-fold) catalytic activity. In contrast, among unicellular cyanobacteria, most representatives studied exhibited a monophasic, MichaelisMenten kinetic pattern for nitrate reductase activity. Biphasic kinetics remained unchanged with the use of different assay conditions (i.e. cell disruption or permeabilization, two different electron donors) or throughout partial purification of the enzyme.
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the nature of the redox centers active in cyanobacterial NR, the existence in the enzyme of both iron-sulfur center(s) (24) and of a molybdenum cofactor has been inferred (2, 22) .
Routine assays of NR activity in cyanobacteria make use of dithionite-reduced MV as the electron donor (11, 16, 20) .
Reported Km values of the enzyme for nitrate determined with this assay are in the range of 0.7 to 2.1 mm in Synechococcus spp. (5, 8, 19) and P. boryanum (16) . Catalytic or biochemical properties of NR from heterocyst-forming cyanobacteria are unknown.
In this paper, we report a biphasic kinetic behavior detected in NR activity from N2-fixing, heterocystous cyanobacteria. The distribution of this phenomenon among different groups of cyanobacteria is also addressed. Possible kinetic and structural models for biphasic NRs are analyzed and discussed.
Cyanobacteria are unique among microorganisms in being able to carry out an oxygenic, plant-type photosynthesis within a prokaryotic cell structure. These organisms can use nitrate or ammonium as the nitrogen source for growth (8) . Many of them, however, have the ability to fix N2. N2 fixation in filamentous strains generally takes place inside specialized cells called heterocysts (30) .
Nitrate assimilation involves entrance of nitrate into the cell and its subsequent reduction to ammonia. In cyanobacteria, nitrate reduction takes place in two successive steps catalyzed by the enzymes NR3 and nitrite reductase, which make use of reduced Fd as the electron donor (8) . NR, the enzyme responsible for the two-electron reduction of nitrate to nitrite, has been shown to be associated with thylakoid membranes in both unicellular (20) and filamentous cyanobacteria (10, 16, 25) . The enzyme has been purified to homogeneity and characterized as a molybdo-iron protein consisting of a single polypeptide chain with a molecular mass of about 75 kD in the unicellular cyanobacterium Synechococcus sp. (5, 9) , and of 83 to 85 kD in the filamentous, nonheterocystous cyanobacterium Plectonema boryanum (24) . Although no definitive conclusion has been established about 
MATERIALS AND METHODS

Strains and Culture Conditions
Filamentous and unicellular cyanobacterial strains used in this work are listed in Table I . All the filamentous strains used belong to sections IV (Anabaena, Calothrix, and Nostoc) or V (Fischerella) as described by Rippka et al. (26) , and these strains are capable of aerobic N2 fixation, with the exception of strains M-131 (3) and PCC 7601 (17) , which are unable to develop heterocysts. Unicellular strains of section 1 (26) (Synechocystis, Synechococcus, and Gloeocapsa) were also studied, including strains CS501 and CS502, which have been recently isolated from nature. All organisms were grown photoautotrophically at 300C, with the exception of Fischerella and Synechococcus strains, which were grown at 400C. Strains PCC 7601, ATCC 29105, PCC 6301, PCC 7942, and CS501 were grown in the synthetic medium previously described (11) , supplemented with 20 mm KNO3 and sparged with 5% CO2 in air. Strain ATCC 29413 (P9 derivative [13] ), when cultured in large scale, was grown under the same conditions, except that concentrations of phosphate and bicarbonate in the medium were reduced by 50%. The other strains were grown in synthetic BG11 medium, which contained 17.6 mm NaNO3 (26) , and sparged with air.
Enzyme Assays
Unless otherwise stated, NR activity was determined with dithionite-reduced MV as the electron donor (11) . Cells permeabilized by treatment with toluene or with the detergent MTA provided a measurement of in situ activity. Crude An altemative NR assay used dithionite-reduced BPB instead of MV as the electron donor (6, 14) . This assay was optimized in this work to be used with Anabaena crude extracts. The reaction mixture contained, in a final volume of 1 mL, 100 ,Amol of Tris-HCl (pH 9.0), 100 ,umol of KNO3, 0.5 ,umol of BPB, 1 ,mol of EDTA, 5 umol of Na2S204, and crude extract, obtained as described above. The reaction was started by the addition of 100 uL of dithionite (dissolved in 50 mi NaHCO3), and the reaction mixture was incubated at 300C for 2 min. After the reaction was stopped by vigorous agitation, cell debris was precipitated by the addition of 0.2 mL of 1 M NaOH and 0.2 mL of 1 M ZnSO4, and nitrite formed was determined (29) in an aliquot of the supernatant obtained after centrifugation at 2500g for 10 min. This biphasic kinetic behavior was not a specific characteristic of NR from the cyanobacterium A. variabilis ATCC 29413-P9 but was observed for all heterocystous strains studied in this work (Table I) . Biphasic kinetic patterns were evident both in strains belonging to section IV (26) (Table I) .
The electron donor BPB was substituted for MV to determine whether the biphasic kinetic pattem of NR was specific for MV. Figure 1B shows the Hofstee plot for the BPBdependent NR activity as a function of nitrate concentration, assayed in a crude extract of A. variabilis. Again, two components were evident in the enzyme system. Km values obtained with BPB were 0.08 and 8.6 ms for the high-and low-affinity components, respectively, and the Vmax(I)/ Vmax(t) ratio was 0.22. These values were reasonably similar to those obtained with the MV-dependent NR assay, indicating that the biphasic patterns are independent of two different electron donors that probably bind to different active sites of the enzyme (6, 14) .
Because the biphasic kinetic behavior observed could be explained by the existence in the cell of two different enzyme species able to catalyze the reduction of nitrate to nitrite, NR from A. variabilis ATCC 29413-P9 was partially purified. At different steps of the purification, measurements of kinetic parameters of NR with nitrate as the variable substrate were performed.
A crude extract was obtained from nitrate-grown cells of A. variabilis, NR was solubilized from membranes with NaNO3 as a chaotropic agent, and proteins in the supernatant fraction resulting from subsequent ultracentrifugation were fractionally precipitated with ethanol (50-70%). Following dialysis, a fraction was obtained that represented a 42-fold purification of NR. The determination of kinetic parameters of NR in this fraction (fraction P1, Table I) revealed that the two kinetic components were still present and in a proportion similar to that in a crude extract of the cyanobacterium.
The partially purified NR P1 fraction was further purified on an ion-exchange, DEAE-cellulose column. The elution profile showed a unique peak centered at about 0.15 M NaCl (Fig. 2A) . The fraction displaying the highest NR activity, which represented a 185-fold purification of the enzyme, was assayed (fraction P2, Table I ) for kinetic parameters of NR, and values of Km(I), Km(II), and Vmax(I)/Vmax(t) similar to those characteristic of strain 29413-P9 were again obtained. Similar values of these three parameters were also obtained for other fractions from the ascending and the descending portions of the NR activity peak (see Fig. 2A ), indicating the absence of separation of two possible forms of NR. When the DEAEcellulose pool was further applied to a Sephacryl S-300 gel filtration column, a single activity peak was obtained (Fig.  2B ), again revealing a lack of resolution of two possible NR species. From calculations based on the elution volume of marker proteins, the molecular mass of NR from A. variabilis could be inferred to correspond to that of a globular protein of approximately 76 kD (Fig. 3) . This value was very close to those previously reported for purified NRs from other cyanobacteria (8, 24, 28) .
DISCUSSION
The possibility can be raised that the biphasic kinetic behavior obtained for NR from a number of cyanobacterial strains arises from artifacts derived from the assay procedures used. However, the available data do not support that possibility. Under the same assay procedures and conditions, the enzyme from some unicellular cyanobacteria exhibited hyperbolic kinetics (see Table I ). Other considerations supporting the lack of artifacts in the assay are as follows. (a) The reaction times and conditions used for both the MV-and the BPB-dependent NR assays have been verified to ensure a linear appearance over time of the product nitrite (data not shown). (b) Nitrite was observed not to be reduced under the conditions of the NR assay, probably as a consequence of the difference between the optimal pH value of cyanobacterial nitrite reductase, about pH 7.5 (12, 23) , and the pH of the NR assays (see 'Materials and Methods'). (c) Similar biphasic kinetics are obtained in assays carried out with crude extracts, in whole permeabilized cells, and throughout partial purification of the enzyme from A. variabilis. This rules out possible artifacts derived from methods used for cell disruption or permeabilization. (d) Biphasic kinetics was obtained in A. variabilis when BPB, which has been reported to donate electrons uniquely and directly to the molybdenum cofactor (6), substituted for MV as the artificial electron donor in the assay. (e) Biphasic kinetic behavior is not likely to result from a direct interaction of dithionite with NR, because nitrite formation in the absence of MV or BPB was not observed (results not shown), and the biphasic kinetic behavior remained unchanged after a 5-min incubation of a crude extract of A. variabilis with a dithionite concentration 5-fold higher than that in the assay (data not shown).
The experimental kinetic data obtained for NRs exhibiting biphasic patterns were analyzed thlrough the consideration of a wide number of enzyme systems that determine multi-phasic kinetics deviating from the hyperbolic, MichaelisMenten behavior (27) . For each system, values of the kinetic parameters governing the corresponding equations were sought, by means of computer simulation, that would determine theoretical curves fitting the experimental ones. Two kinetic models were found to predict kinetics that constituted good fits for the experimental data:
1. Two different, independent kinetic components. This system involves the existence of, alternatively, two NR isoenzymes, two different (e.g. modified plus unmodified) forms of NR, or an enzyme having two independent (noncooperative), distinct catalytic sites. Both components would separately obey Michaelis-Menten kinetics, the observed values being the sum of their individual contributions, according to the equation Vmrax values for each separate component were calculated and were close to the apparent values obtained from the extrapolation of the straight segments from the Hofstee plot. Those values, once substituted in the equation above, defined a theoretical global velocity curve that represented an excellent fit for the experimental values. This was true for all the biphasic enzyme systems reported in this work. An illustrative example is shown in Figure 4A ; both the global velocity curve and individual contributions of the two components are depicted. z ELUTION VOLUME (ml) to represent the phylogenetic ancestor of heterocystous cyanobacteria (7). Other unrelated unicellular cyanobacteria studied in this work would bear a monosite NR, thus exhibiting a Michaelis-Menten kinetic behavior.
NR from A. variabilis showed an estimated molecular mass of 76 kD, a value very close to those reported for purified By means of computer simulation, values of the four kinetic parameters (Vma,x, K5, a, and b) could be found for every biphasic enzyme system studied in this work, which determined a global curve representing a good fit for the experimental data. An example is shown in Figure 4B . 
